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Viewpoint

Sydney Ringer viewed in a new light
Clive H Orchard, David A Eisner, and David G Allen odern work on the role of calcium as an intracellular messenger in almost all cells can be M traced back to Sydney Ringer's demonstration that the contraction of the heart requires calcium in the external solution. The purpose of this article is, in the spirit of the Christmas edition, to report a modem repetition of his experiment and to consider some of its implications for current theories of excitation-contraction coupling in cardiac muscle.
Ringer's experiments
In 1882 and 1883, Sydney Ringer ( fig 1) published two papers in the Journal of Physiology ' reporting experiments carried out at University College London that were designed to investigate which components of plasma are required for the contraction of the isolated heart. He originally reported (1 882) that the heart could contract in a solution consisting of only 0.75% saline.' However the next year he reported: "I discovered, that the saline solution which I had used had not been prepared with distilled water, but with pipe water supplied by the New River Water Company".2 He subsequently discovered that if the experimental solution was made with distilled water the heart did not contract.2 Following analysis of the tap water, and addition of each of its inorganic constituents to the saline solution made with distilled water, he determined that calcium was responsible for the strong contraction of the heart.2
Although an "imaginative" reconstruction of Ringer's original paper to the Physiological Society has previously been p~blished,~ to the best of our knowledge Ringer's result has not been substantiated in mammalian cardiac muscle; that is, the efficacy of London tap water in sustaining the contraction of mammalian cardiac muscle is unknown. Similarly, the influence of Ringer's perfusates on intracellular [Ca"] has not previously been investigated.
To celebrate the centenary of Ringer's discovery, in 1983 we investigated the effect of Ringer's solutions on ferret papillary muscles which had been injected with the photoprotein aequorin to monitor intracellular [Ca2+]. The techniques used have been described previously4 and will not, therefore, be repeated in this brief report.
The solutions were simple saline solutions containing 0.75% sodium chloride' and using water obtained either from a single still (1883 solution) or from a tap in the north wing of University College London (now the Slade School of Art) as close as possible to the position of Ringer's laboratory, ascertained by the plaque shown in fig 2 (1882  solution) . The belated publication of these data is due to our earlier dispersion to three continents. Figure 3 shows the effect of the two solutions on aequorin light (a function of intracellular [Ca"]), and on developed force, in a ferret papillary muscle. At the beginning of the trace, the muscle was superfused with the 1882 solution and showed large stable stimulated contractions, comparable in amplitude to those obtained in our normal physiological salt solutions. These contractions were associated with a large aequorin light transient. 
Implications of Ringer's experiments
The observation that calcium removal immediately abolishes the contraction of the frog heart' is understandable as, in this tissue, essentially all the calcium which activates contraction is provided by transsarcolemmal calcium It is known, however, that in mammalian ventricular muscle the calcium that initiates contraction is provided by release from the sarcoplasmic reticulum as well as by calcium entry from the extracellular space.67 In this case it is of interest to consider why removal of external calcium should abolish not only the component of contraction that relies directly on calcium influx, but also the component that depends upon calcium release from the sarcoplasmic reticulum. Until a few years ago there were two possible explanations: ( I ) removal of external calcium may quickly deplete the sarcoplasmic reticulum of calcium; (2) the entry of calcium ions into the cell from the extracellular solution may be important for calcium release from the sarcoplasmic reticulum. The former possibility has been discounted by indirect measurements of sarcoplasmic reticular calcium content. The calcium stored in the sarcoplasmic reticulum can be released quickly by the application of caffeine; the size of the resulting transient increase of intracellular [Ca"] gives a measure of the calcium content of the sarcoplasmic reticulum. It has been shown that after removal of extracellular calcium has abolished contraction, the response to caffeine, and hence by implication the calcium content of the sarcoplasmic reticulum, is unaffected' ' (fig 4) . The Ringer experiment (at least in mammalian cardiac muscle) is therefore consistent with the idea that calcium entry into the cell is required for the release of this calcium from the sarcoplasmic reticulum. This is the hypothesis of calcium induced calcium release in which calcium influx across the cell membrane increases calcium release from the sarcoplasmic reticulum. This hypothesis was first advanced on the basis of experiments in skeletal muscle'" where it fell into disfavour because of the unphysiologically high calcium concentration required to trigger calcium release." In cardiac muscle, however, work on mechanically skinned cells showed that the microinjection of low "trigger" concentrations of calcium could result in a much larger release of calcium from the sarcoplasmic reticulum.12 I' The subcellular mechanism of this effect has been elucidated by work on sarcoplasmic reticular vesicles and membranes incorporated into artificial lipid bilayers. The results showed that increasing calcium on the cytoplasmic side increased calcium efflux from vesicles14 and the opening probability of single ~hanne1s.l~ I' This calcium induced calcium release provides a mechanism to release calcium from the sarcoplasmic reticulum. It has, however, been appreciated for some time that there is an element of positive feedback inherent in this system. In other words, calcium release from the sarcoplasmic reticulum will increase cytoplasmic calcium and will therefore further increase calcium release. This cannot account for the fact that the systolic calcium transient is a graded function of the triggering [Ca2+],I2 l3 for example the calcium current, and that the sarcoplasmic reticulum must regain its resting low permeability to calcium ions to allow the sarcoplasmic reticulm Ca'+-ATPase to reaccumulate calcium ions.
The lack of positive feedback of the calcium released from the sarcoplasmic reticulum may be due to several factors. Working on skilled cells, Fabiato" suggested that an increase in calcium leads to a rapid activation of the calcium release channel followed by a slower inactivation. This inactivation would then allow calcium to be reaccumulated by the sarcoplasmic reticulum. Attempts to demonstrate such inactivation in cells with an intact surface membrane were unsuccessful.'* However studies on calcium channels incorporated into artifical lipid bilayers'' have shown that a rapid increase of "intracellular" [Ca2+] produced by photolysis of "caged" calcium produced only a transient increase of channel opening probability, suggesting that such inactivation does occur. It has therefore been suggested that the calcium release channel may be controlled by calcium binding to two sites, one of which was a high rate constant and low affinity and activates the channel, while the other has a low rate constant but high affinity and inactivates the ~hanne1.l~ However, Stern'" has recently pointed out that "common pool" models, in which the calcium entering the cell and the calcium released from the sarcoplasmic reticulum have equal access to a common cytosolic space, are inherently unstable and cannot account for the graded release observed experimentally. It has been suggested, therefore, that the geometry of the relationship between the sarcolemmal calcium channel and the sarcoplasmic reticular calcium release channel may be such that the calcium entering across the cell membrane has access to an activating site on the sarcoplasmic reticular release channel, while calcium released from the sarcoplasmic reticulum does not have ready access to this site. In this type of model it is the calcium within local microdomains close to the sarcolemmal calcium channels and the activating site of the sarcoplasmic reticular calcium channels that are important in determining calcium release.2" In this "local control" model, the short open times and low open probability of individual sarcolemmal L-type calcium channels result in a current that is constant during the brief channel opening. This current leads to a very high [Ca2+] near the inner face of the channel, which declines rapidly when the channel closes, and it is this local change of [Ca"] that is important in controlling calcium release from the sarcoplasmic reticulum. It has been suggested, therefore, that the amount of calcium released from the sarcoplasmic reticulum for a given calcium entry is related to the amplitude of this single channel current," although the exact mechanism by which this occurs is unknown.
Thus although our current knowledge of the calcium release process in cardiac muscle enables us to interpret and understand Ringer's seminal work of 1883, it leaves many questions unanswered and it is clear that we now need to address in more detail questions such as the reasons for the lack of positive feedback of calcium induced calcium release, the nature of the normal physiological calcium trigger, and the role that changes in the size of the calcium
